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OTCH signaling is one of a handful of basic signaling mechanisms controlling metazoan development. Its highly pleiotropic action includes involvement in cell differentiation, proliferation, survival, and migration (Artavanis-Tsakonas et al. 1999; Baron et al. 2002; Bray 2006; Louvi and Artavanis-Tsakonas 2006) . Notch pathway mutations are also associated with several human pathologies, including cancer. Canonical Notch signaling involves ligand binding to the Notch receptor, triggering its cleavage and release of the intracellular domain into the cytoplasm, which traffics to the nucleus and complexes with Suppressor of Hairless ½Su(H) and Mastermind (Mam) to regulate transcriptional targets (Artavanis-Tsakonas et al. 1999; Baron et al. 2002; Bray 2006; Louvi and Artavanis-Tsakonas 2006) .
Genetic screens have been invaluable in elucidating Notch pathway elements (Xu and Artavanis-Tsakonas 1990; Lambie and Kimble 1991; Fortini and ArtavanisTsakonas 1994; Go and Artavanis-Tsakonas 1998; Chen et al. 2004; Katic et al. 2005) , but a systematic experimental approach examining the set of Notch-interacting genes at a genomic level, i.e., the genetic circuitry of the Notch pathway, has been hindered by inherent limitations of these approaches. For instance, an EMS chemical mutagenesis theoretically interrogates 100% of the genome and is truly genomewide; however, the subsequent identification of all or even a large subset of interacting gene products is prohibitively laborious and therefore generally less informative. As a result, the nature and extent of probing a genetic circuitry remains narrowly defined. The Exelixis collection (materials and methods), a set of 15,500 transposoninduced mutations disrupting an estimated 53% of Drosophila coding regions (Parks et al. 2004; Thibault et al. 2004) , overcomes many of these limitations. Importantly, as insert sites for nearly all transposons have been sequenced, screens using this collection have allowed rapid gene assignments of Notch signal modifiers at an unprecedented scale. Two inherent limitations of the collection should be kept in mind. First, in many instances the modifying transposon has inserted between genes such that an unambiguous gene assignment cannot be made instantaneously, notwithstanding the immediate ability to narrow down the candidate gene to a very small number of possibilities. Second, without further experimentation, it is unknown whether disrupted loci represent loss-or gain-of-function mutations, thereby limiting our ability to determine precise epistatic relationships between Notch (N) and interacting loci. The collection nonetheless permits a novel perspective on the complexity of N and mam activities and on the nature of genes and the biological processes with which they integrate.
described (Helms et al. 1999) . The following strains were used: mam 2 (Lehmann et al. 1983) , mam sAX8 (Verheyen et al. 1996) , N 55e11 (Heiztler and Simpson 1991) , N 54l9 (Grimwade et al. 1985) , nd 3 , sm 1 , sm 05338 , sm KG03875 , msi 1 , msi 2 , orb dec , orb2 BG02373 , CG17838 (Grumbling and Strelets 2006) , lark 1 (provided by R. Jackson), N Ax16 (Kelley et al. 1987) , dx 152 (provided by K. Matsuno), spen
AH393
, and spen XFM911 (provided by I. Rebay). Matthew Freeman provided the GMR-ArmS44Y and GMRArmS56F strains (Freeman and Bienz 2001) .
The Exelixis collection: The collection is composed of 15,500 transposon-induced gene disruptions, resulting in mutations in $53% of the Drosophila genome (Parks et al. 2004; Thibault et al. 2004 ) (http:/ /drosophila.med.harvard.edu/). Each insertion is derived from one of four vector types, three piggyBacderived (PB, RB, and WH), and a fourth, a P-element variant (XP) (Parks et al. 2004; Thibaultet al. 2004) . Currently, the collection is 22% PB, 20% RB, 35% WH, and 23% XP. There are two classes of disruption events: those leading to inactivation of loci and those driving expression of downstream genes when exposed to GAL4 due to the presence of UAS sequences within the insertional transposon (WH and XP elements) (Parks et al. 2004; Thibault et al. 2004) . In the presence of GAL4, UAS-containing insertions could theoretically inactivate loci even if oriented to drive expression, for example, by generating antisense RNA products. This could be investigated genetically by screening the collection in a background containing a loss-of-function mam or Notch allele without any GAL4 driver. WH insertions also contain splice acceptor sites (splice traps), permitting normal transcription of tagged genes, but are designed such that WH, rather than endogenous, splice acceptors are used, allowing for a piece of the piggyBac transposon to be spliced into the final transcript, thereby disrupting translation. In the presence of GAL4, UAScontaining WH and XP insertions may represent hypomorphic, hypermorphic, neomorphic, or antisense alleles. In contrast, PB and RB insertions lack UAS sequences and are likely to represent null or hypomorphic alleles. Therefore, screening in a genetic background containing a GAL4-dependent phenotype allows one to exploit the full potential of the collection and to recover interactors representing both classes of insertional events.
Screening: The Exelixis collection (Artavanis-Tsakonas 2004; Parks et al. 2004; Thibault et al. 2004 ) was screened for genes that dominantly modify wing-nicking phenotypes resulting from C96-GAL4-directed MamN expression using the C96-GAL4, UAS-MamN (C96-MamN) strain (Helms et al. 1999) . C96-MamN individuals exhibit fully penetrant, dosage-sensitive, dominant wing phenotypes ( Figure 1C ) caused by loss of Notch signaling (Smoller et al. 1990; Helms et al. 1999) . The strength of the C96-MamN interaction for each modifying insertion was scored in retests using an arbitrary scale of 1-5: 1 represents a strong interaction and 5 represents a weak interaction ½sup-plemental Table 1 , Ax
16
, and dx 152 mutations in a C96-GAL4 background and examined for synergistic wing effects. A total of 31 genes isolated from the screen are known Notch pathway genetic interactors (Table 1) . Of these 31 genes, 12 modified four of these alleles, 6 modified three of these alleles (Beadex, kekkon-1, kuzbanian, mastermind, osa, and Ras85D), and 13 of these genes modified no more than two of the secondary test alleles (echinoid, extra macrochaete, frizzled, inscuteable, kismet, net, nemo, Neurotactin, the X-linked gene rugose, shaggy, sprouty, split ends, and Ultrabithorax.) As several alleles of documented N-interacting genes failed to modify all four alleles tested (including an allele of Delta), defining Notch interactors (NIs) as interacting with all tested alleles seemed too stringent. As most known Notch interactors modified at least three of four tested secondary mutations, we arbitrarily defined autosomal and X-linked NIs as insertions modifying wing phenotypes of at least three of the aforementioned mutations or as modifying wing phenotypes of either N 55e11 or N Ax16 heterozygotes, respectively. MamNspecific interactors (MSIs) failed to interact with any allele in secondary tests. (A) Primary screen for insertions that modify the C96-GAL4, UAS-MamN (C96-MamN) wing phenotype. C96-MamN individuals exhibit a fully penetrant, dosage-sensitive, dominant wing phenotype (Helms et al. 1999) , similar to those associated with loss-of-function mutations in Notch and wingless (Smoller et al. 1990; Helms et al. 1999) . Exelixis P-element or piggyBac males were crossed to C96-MamN females. F 1 cultures exhibiting C96-MamN wing-notching enhancement or suppression were selected and retested: 219 enhancers and 385 suppressors were isolated. Three insertions caused lethality and three additional inserts could not be characterized. Control screens: Two types of control screens were performed:
1. All 610 modifying transposons were crossed to the C96-GAL4 strain to identify insertions that cause MamN-independent wing phenotypes when mis-expressed. Several wing phenotypes are shown in Figure 3 . Only two interacting strains exhibited a wing phenotype prior to outcrossing ½independently of GAL4-mediated expression (c02134 and c00454, which disrupt the CG3262 and bonus genes, respectively). A total of 40 elicited MamN-independent phenotypes (see Secondary screens; Figure 3 ), including several known Notch pathway interactors ( fringe, Figure 3D ; Beadex, Figure 3E ; kekkon-1, Figure 3P ; escargot, Figure 3S ; eye gone, Figure 3X ; and Delta and wingless, data not shown). Moreover, several modifying insertions phenocopy loss of Notch function wing defects in this background (Figure 3 , B-F): two of these, fringe and Beadex, are established pathway interactors (Grumbling and Strelets 2006) . Therefore, other genes identified in this manner may function analogously and may include potential novel Notch genetic elements. d00627 inserted $10 kb away from both CG15166 and CG15167. Hence, Notch-like phenotypes for d00627/1; C96-GAL4/1 individuals may likely result from GAL4-induced misexpression of one or both of these genes ( Figure 3 ). 2. Since the C96-MamN phenotype is dosage sensitive (Helms et al. 1999) , we expected that mutations in general regulators of transcription would modify C96-GAL4 expression. We took advantage of the dosage-sensitive rough-eye phenotype associated with glass multiple reporter (GMR)-directed GAL4 expression (Kramer and Staveley 2003) Table 1 ). For some strains, assignment of a unique molecular identity requires further experimentation, due to insertions for which no sequence data are available, multiple inserts (37 strains), or ambiguous effects of transposon insertion between adjacent genes. No single candidate gene could be identified for 37 strains with multiple inserts. Extrapolation of the 37 strains with multiple inserts indicates that $6% of all 15,500 strains contain multiple inserts. For the remaining 146 modifying insertions, the transposon inserted between two different genes such that we could not unambiguously distinguish between disrupted loci. Most of the 610 C96-MamN-interacting transposons are single-allele modifiers. However, at least 35 complementation groups are represented by two alleles, including 13 complementation groups represented by three or more alleles. Complementation groups were defined as interacting insertions that disrupted the same gene as determined by our mapping criteria (see above).
Mounting of wings: Adult wings were removed, dehydrated in isopropanol, and mounted in a 3:1 dilution of CMCP-10 mounting media (Masters, Wood Dale, IL) and lactic acid. Images were taken on a Zeiss Axioplan Microscope with a 35 objective using IP Lab software (Scanalytics) and assembled using Adobe Photoshop and Microsoft PowerPoint.
Eye microscopy: All eye images are from female adults using standard techniques. Images were taken on a Wild M10 dissecting microscope at 325 using a ProgRes 3008 digital camera and ProgRes 5.0 software and assembled using Adobe Photoshop and Microsoft PowerPoint.
Gene ontology analysis: For the gene ontology (GO) analysis, we focused on inserts within 2 kb of a single gene for which a unique FBti (FlyBase transposon insertion) site was determined according to a prereleased b version of FB2007_01 (provided by R. Kulathinal at FlyBase). Using these criteria, we ) and mam ½6 of 15 genes (40.0%) (Yates'
). (D) Known Notch and mastermind genetic interactors described by FlyBase and represented within the Exelixis collection. Green, yellow, and orange fonts indicate Notch, mastermind, and overlapping genetic interactors, respectively. could readily determine the identity of 3606 disrupted genes within the Drosophila genome. Although our analysis assessed the entire collection, which covers 53% of the genome, in our GO analysis we included only transposons for which unique gene assignments could be made with high confidence. Each disrupted gene was assigned a unique refseq protein ID and put into the Database for Annotation, Visualization and Integrated Discovery (DAVID) to provide a measure of term cooccurrence probability (Dennis et al. 2003) . GO analysis of these 3606 genes identified statistically significant overrepresentation of GO terms among identified interactors (Ashburner et al. 2000) . Categories with low membership were penalized and P , 0.05 is used for all terms classified as overrepresented. Terms identified by GO analysis from these 3606 genes were used as a baseline for comparisons to identify novel GO terms associated with the following subgroups: (1) known Notch genetic interactors described at FlyBase represented by the collection (ExFBNGInts), (2) all NIs, novel NIs, (4) all MSIs, and (5) 610 C96-MamN-interacting transposons, which include 408 identified genes. The genes/computed or curated genes (CGs) for all five subgroups are listed in supplemental Table 6 at http:/ /www.genetics.org/supplemental/.
Statistics: We tested for enrichment of known N genetic interactors and other specific subgroups using the Yates corrected x 2 test. We assumed that the D. melanogaster genome consists of 14,000 genes and focused on the 3606 insertions where highly confident gene assignment was possible as described (see Gene ontological analysis).
Luciferase reporter assay: 293T cells were seeded on 24-well plates at 100,000 cells/well 1 day before transfection and transfected with appropriate combinations of expression plasmid DNA corresponding to a final amount of 1 mg of DNA. Total plasmid amounts were maintained constant by adding appropriate amounts of empty vectors. Transfected cells were harvested 36 hr post-transfection. Luciferase activities were measured using the luciferase reporter assay system (Promega, Madison, 
A list of 31 genes previously associated with Notch-signaling activity (Grumbling and Strelets 2006) identified as C96-MamN modifiers. Of these 31 genes, 24 are known to interact genetically with N, and, of these 24, 15 were defined as NIs and are underlined. Known interactors of other Notch pathway members defined as novel NIs are double underlined. Interactions of genes with Notch (N), mastermind (mam), Delta or Serrate (Dl/Ser), C96-MamN, or C96-GAL4 are listed. NA, not available; NE, no effect; 1, interaction; 1*, interaction from G. D. Hurlbut, M. W. Kankel and S. Artavanis-Tsakonas, unpublished results; E, enhances; S, suppresses. Multiple entries for a given gene under the ''C96-MamN'' and ''C96-GAL4'' columns indicate multiply recovered alleles and different entries refer to the type of interaction for each allele. WI). Luciferase values were corrected for transfection efficiency by normalizing to Renilla activity.
RESULTS
A screen for mastermind modifiers: Previous characterization of the Exelixis collection affords rapid identification of affected genes or, in cases of ambiguity, the narrowing down of gene identity to very few candidates. As many insertions are GAL4 responsive, we screened in a background allowing for recovery of potential gain-offunction mutations through mis-expression. We screened all 15,500 insertions within the collection ( Figure 1A ) for mutations that dominantly modify a fully penetrant wing-margin phenotype associated with GAL4-dependent expression (Brand and Perrimon 1993 ) of a dominantnegative, C-terminal Mam truncation ½C96-GAL4, UASMamN (C96-MamN) ( Figure 1C ) (Helms et al. 1999; Wu et al. 2000; Kitagawa et al. 2001) . Notably, the collection disrupts 87 of the 193 (45.1%) genes known to interact genetically with N, mam, or both (Grumbling and Strelets 2006) (Figure 2 ), serving as a control for sensitivity. C96-MamN competes with wild-type Mam, reducing its function to ,50%, a level of activity not associated with dominant phenotypes of endogenous alleles (Helms et al. 1999) ; affects expression of the Notch downstream targets cut, vestigal, and wingless in this context (Helms et al. 1999; Yedvobnicket al. 2001) ; and is sensitive to mutations in all core Notch pathway components tested (Helms et al. 1999) . We expect modifiers to include bona fide Notch pathway genes, genes affecting wing development or transgene expression, other nonspecific enhancers and suppressors, and, importantly, those involved in Notchindependent mam functions.
We identified 610 insertions that modify the C96-MamN wing-nicking phenotype. Examples of the range of modification are shown in Figure 1 , D-I. As each modifying insert may affect multiple genes, definitive gene assignments necessitate reversion and rescue studies to provide unambiguous gene identity. However, in most instances a single candidate gene was apparent such that 408 gene assignments were determined with high confidence for the 610 interacting transposons (see materials and methods; supplemental Tables 1 and 6 at http://www. genetics.org/supplemental/), including 31 known Notch pathway genetic interactors (Table 1 and Figure 2 ). This represents a significant enrichment for known Notch pathway modifiers among the 408 interacting transposons compared to their prevalence among identifiable genes covered by the collection (P ¼ 1.83 3 10 À09 ), supporting the relevance of novel candidates for the Notch pathway. Not all documented N interactors represented in the collection were recovered.
In a control screen (materials and methods) designed to reveal MamN-independent wing modifiers, we crossed all insertions to the C96-GAL4 strain. This test revealed that only 40 of the 610 (6.6%) recovered modifying transposons elicited MamN-independent phenotypes (Figure 3) , suggesting that the interactions observed for most of the modifying insertions are unlikely to result from additive effects. . ) phenotypes (Figure 4 , row 1). Ultimately, classifying modifiers on the basis of their relationship to these alleles may provide insights into epistatic relationships and the nature of the recovered interactions.
On the basis of the results from this assay, we chose to define two separate categories for further study: NIs and MSIs. We defined NIs by their ability to modify at least three of these alleles (materials and methods) whereas MSIs were defined as failing to modify any allele in this assay. As a group, the NIs consist of 235 modifying insertions or 175 genes (accounting for multiple alleles) (Figure 4 ; supplemental Tables 1, 2 , and 6 at http:// www.genetics.org/supplemental/) and are enriched for known Notch pathway genetic interactors compared to their prevalence among identifiable genes covered by the collection (P ¼ 1.6 3 10 À08 ) (Grumbling and Strelets 2006) . Importantly, this group also includes 160 genes never before associated with Notch (supplemental Tables 2 and 6), nearly doubling the roster of genes known to interact genetically with Notch. Not all of the 31 known Notch pathway genetic interactors defined at FlyBase are included within the NIs subgroup; however, 15 genes known to interact genetically with N are included ( Table 1) .
The second group, the MSIs, failed to modify any of the secondary test alleles and are of special interest, as they may reveal Notch-independent mam functions and Tables 3 and 6 at http://www.genetics.org/ supplemental/). The relatively large size of this group may suggest a broader-than-anticipated role for mam in development. Failure to interact with these alleles does not rigorously preclude possible MSI interactions with other Notch pathway components. Given the context dependency of Notch signaling, it is important to note that our data do not exclude the possibility that the MSIs might interact with Notch in other contexts. However, each of the 31 known pathway interactors uncovered, including 15 defined as NIs, modified at least one secondary test allele. Gene ontology: To further assess the modifiers uncovered by the screen, GO analyses were performed to reveal overrepresentation of specific functionally or structurally related groups. Our approach was based on comparing the prevalence of specific GO terms among modifier subgroups to their prevalence in the Exelixis collection, which served as the baseline for these analyses. We examined several modifier subgroups (shown in supplemental Table 6 at http://www.genetics.org/ supplemental/), which include the entire set of NIs (175 genes), the novel set of NIs (160 genes), and finally, the MSIs (79 genes). These three subgroups were compared to the 79 known Notch genetic interactors identified by FlyBase represented in the collection (ExFNGInts) (supplemental Table 6 ). Novel, statistically significant GO categories unique to each subgroup were determined (materials and methods; supplemental Table 4) . Figure 5 shows the degree of overlap between different categories defined for each subgroup relative to ExFNGInts, which are summarized in Figure 6 .
These analyses allowed us to evaluate the significance of recovered modifiers, several aspects of which are noteworthy. Comparisons between significant GO terms represented by ExFNGInts and NIs indicate that the two sets are not identical despite extensive overlap ( Figure  5A ). This is not surprising, given that the nuclear Notch effector mam was used to generate the phenotypic parameter, which may not be sufficiently sensitive to uncover the full spectrum of known functional categories associated with N. However, the similar distribution of terms represented in both sets suggests that the screen was unbiased and, importantly, validates the significance of novel categories associated with Notch function ( Figure 6 , B and C; supplemental Table 4 at http:// www.genetics.org/supplemental/).
Of particular interest are three such categories that link Notch activity to RNA processing: splice variant, translation, and RNA-binding region RNP-1 proteins ½RNA recognition motif (RRM). A significant enrichment of RRM genes among all 408 C96-MamN-interacting genes was identified (n ¼ 15, P ¼ 0.000108). RRM genes include components of small nuclear ribonucleoproteins and heterogeneous nuclear ribonucleoproteins (hnRNPs), proteins implicated in alternative splicing. The potential importance of RRM genes in regulating Notch signaling is highlighted by hephaestus (Abdelilah- Seyfried et al. 2000) , an hnRNP that attenuates Notch signaling by regulating the processing, stability, or translation of one or more Notch pathway mRNAs (Dansereau et al. 2002) Although the GO analysis suggests that the interrelationships between Notch signaling and RRM genes appear to be extensive, the importance and specificity of this mutual influence remains unknown. Specific Notchsignaling outputs may rely on proper RNA localization, a notion supported by the recovery of smooth (Arn et al. 2003) , orb (Grumbling and Strelets 2006) , and orb2 (Cooperstock and Lipshitz 1997) , three genes involved in RNA localization. However, given the large number of recovered genes involved in RNA processing, we sought to determine their potential importance in regulating Notch activity by examining whether a subset of these genes could modify N 54l9 and/or N 55e11 haploinsufficient wing-nicking phenotypes. We focused on seven genes, including split ends (Powell et al. 2001) , which antagonizes Notch signaling (Doroquez et al. 2007) and therefore served as a positive control. No prior genetic links had been documented for the remaining six genes tested. At 25°, N 54l9 and N 55e11 display wingnicking phenotypes at 20.4 and 23.6% penetrance, respectively (Table 2 ). All seven genes tested dominantly altered the N 54l9 and/or N 55e11 haplo-insufficient wingnicking phenotypes, displaying qualitative ( Figure 7 ) and quantitative (Table 2) modification. Significantly, the interactions displayed by these alleles, which were generated independently of the collection, serve to corroborate the identity of these insertions identified by the screen.
Novel genetic links between Notch and the cell cycle and other signaling pathways: Many novel NIs fall within GO categories previously associated with Notch function, such as proliferation. The link between Notch signals and proliferation is well documented but poorly understood (Artavanis-Tsakonas et al. 1999; Bray 2006) . Identification of taranis (tara) as an NI potentially links Notch activity to the cell cycle machinery (CDKs). TARA is homologous to a family of mammalian proteins, including human p34SEI-1/TRIP-Br1 (Calgaro et al. 2002) , which regulate the transcriptional activation of CDKs involved in cell cycle regulation (Sugimoto et al. 1999; Hsu et al. 2001) . This potential link is strengthened through our observed interaction of N and Cyclin A (Cyc A) and the ability of TARA-related mammalian TRIP-Br proteins to interact in vitro with Cyc A (Hsu et al. 2001) . Finally, wing defects observed for viable tara alleles phenocopy those seen with certain Cyclin E alleles (Duronio et al. 1998 ), a CDK isolated as a novel NI.
In addition to these new links to the cell cycle, several novel NIs link N to other signaling pathways. For example, crosstalk between Notch and EGFR signaling is detected through the transcription factor klumpfuss (klu) (Figure 4 , A3-E3) whereas mirror (mirr) provides a potential node that integrates Notch signaling with the TGF-b's Hh or WNT pathways. mirr, araucan (ara), and Functional classification of MSIs: Of the 408 genes identified in the screen, 79 genes interacted only with C96-MamN (MSIs). The existence of this class of interactors raises the possibility that Mam performs a more prominent biological role that includes Notch-independent functions, which could, notably, include noncanonical, Su(H)-independent Notch signaling (e.g., Klein et al. 2000; Ehebauer et al. 2006) . GO analysis was performed to determine if MSIs share functions that might also be mam specific. Identified GO terms were compared to those derived from all other subgroups to identify overrepresented terms specific to MSIs. Several of these classes were identified, including PRC1 complex and Small GTPase regulator activity (summarized in Figure 6D ; supplemental Table 4E at http:/ /www.genetics.org/supplemental/). The broad overlap between functional categories enriched in the NIs and the novel NIs helps validate MSI-specific categories as representing possible Notch-independent mam functions.
As Mam participates in the Notch transcriptional complex (Bray 2006) , 12 MSIs with a transcriptional role identified in the GO analysis are of interest ½pita, CG31716, caudal, Sex comb on midleg (Scm), corto, knirpslike, simjang (simj), defective proventriculus, brain tumor, pterin-4A-carbinolamine dehydratase, deadpan and Peptidoglycan recognition protein LC. Nearly half are known negative transcriptional regulators (Grumbling and Strelets 2006) , suggesting that Mam can either activate or suppress target gene expression, consistent with observed polytene chromosome colocalization of Mam and the Groucho suppressor (Bettler et al. 1996) .
Identification of the MamN-specific GO category PRC1 complex also suggests a more general involvement of Mam in gene regulation. This multimeric protein complex, consisting of several Polycomb group genes, directly antagonizes ATP-dependent remodeling of nucleosomal arrays to maintain a transcriptionally repressed state. C96-MamN-specific interactions observed for Scm and corto, two physically interacting PRC1 complex components (Salvaing et al. 2003) , underscore the Mam/PRC1 complex link and raise the possibility that Mam binds to the PRC1 complex to repress target gene expression independently of Notch.
One functional category that distinguished MSIs from other subgroups was Small GTPase regulator activity, which, given the pleiotropic action of this gene group, implicates Notch-independent Mam activity in numerous processes. Because of their involvement in carcinogenesis, RAS/GAP Nf1 and CG32560, a small GTPase linked to the MAPKKK cascade (Grumbling and Strelets 2006) , are of particular interest. Using Homophila, a database of Drosophila homologs of human-disease-related genes (Reiter et al. 2001; Chien et al. 2002) , 136 C96-MamN modifiers, including 50 NIs and 16 MSIs (supplemental Table 5 at http://www.genetics.org/supplemental/), had disease-associated homologs (BLAST E-value of 1 3 10 À10 or lower), suggesting a broad relationship between mam activity and disease gene homologs.
Uncovering Notch-independent Mastermind functions: Although recent reports support the notion that Mam functions independently of Notch as a co-activator for b-catenin/T cell factor (TCF) (Alves-Guerra et al. 2007) , Myocyte Enhancer Factor 2c (Shen et al. 2006) , p53 (Zhao et al. 2007) , and Xenopus neural gene expression (Katada et al. 2006) , the full extent and in vivo significance of such independent functions remain unknown. To probe the validity of Notch-independent mam functions, we examined the MSI armadillo (arm), the Drosophila b-catenin homolog, and asked whether this relationship remains valid in the developmental context of the eye. GMR-GAL4-directed mis-expression of either Drosophila equivalent of the two mammalian b-catenin oncogenic point mutations (S44Y and S56F) produced malformed eyes (Freeman and Bienz 2001) (Figure 8, A and F) . However, consistent with previous observations (Freeman and Bienz 2001) , N haplo-insufficiency had little, if any, effect (Figure 8, D and E and I and J) ; halving mam gene dosage in Y55 and F76 strains enhanced the phenotype, increasing eye glossiness and producing smaller and rougher eyes (Figure 8, B and C and G and H) . As N haplo-insufficiency, unlike heterozygosity for mam, can result in a rough-eye phenotype, modifications of activated arm by mam may reflect functional differences between mam and N in regulating arm activity. Thus, mam can function independently of N to affect arm function in both the wing and eye of Drosophila.
To extend these observations across species, we tested whether Mam can affect Wnt signaling independently of Notch by examining the human mam ortholog, mastermind-like1 (MamL1), for influence on ligand-induced activation of Wnt signaling (Willert et al. 2003) . The TOP-FLASH luciferase reporter, which contains multiple copies of an optimal TCF-binding site, was used (van de Wetering et al. 1997) . Transfection of 293T cells with MamL1 in the presence of the Wnt-3A ligand dramatically increases luciferase activity ($203 times) while it remains unaffected by treatment with a constitutively activated form of human Notch 1 ( Figure 8K ). The ability of MamL1 to interact with b-catenin function has also been elegantly demonstrated in a ligand-independent assay using HeLa cells (Alves-Guerra et al. 2007) . The genetic data indicate that mam activity functions to suppress Wnt output through arm in the Drosophila eye, and the cell culture data suggest that MamL1 behaves as a co-activator to potentiate Wnt signaling. Resolving this discrepancy requires additional mechanistic studies. Nevertheless, both observations clearly point to a role for Mam in regulating Wnt pathway activity independently of Notch and suggest the existence of additional factors that specify the effects of Mam on Wnt. Significantly, these results imply that use of dominant-negative Mam has additional effects beyond Notch signaling and thus should not be considered to inhibit only Notch activity (Proweller et al. 2007) .
DISCUSSION
Availability of the Exelixis collection allowed us to perform a genetic screen for the Drosophila Notch-signaling pathway through use of C96-MamN at a breadth comparable to reverse genetic approaches. Although previous screens uncovered key Notch pathway elements (Fortini and Artavanis-Tsakonas 1994; Verheyenet al. 1996; Go and Artavanis-Tsakonas 1998; Armstrong et al. 2005; Katic et al. 2005; Mahoney et al. 2006) , they were inevitably of limited genomewide scope as conventional screens cannot escape laborious mapping procedures necessary for identifying gene products for most modifiers. Even for the most comprehensive genetic screen performed to date (Karim et al. 1996) , relatively few complementation groups were mapped. Thus, such screens do not assess the genetic circuitry at a near genomewide scale. Unlike traditional approaches, which tend to generate loss-of-function mutations, the collection allows simultaneous screening of loss-and gain-of-function mutations. Moreover, hypomorphic mutations in genetically redundant genes may not display phenotypes in the screening background and not all genes are equally susceptible to mutagen treatment, precluding identification of a particular gene as a modifier in these cases. Hence, screens that also include mis-expression, such as this one, may overcome these types of limitations, and the relatively large number of recovered interactors may reflect this. Although the collection disrupts $50% of the Drosophila genome, this screen has doubled the number of known Notch interactors, suggesting that the complexity of Notch circuitry is greater than previously understood. Ultimately, it will be important to determine whether modifiers represent hyper-or hypomorphic mutations or to test well-characterized, preexisting alleles of genes of interest to establish epistatic relationships between Notch and these genes, thereby positioning interactors within the context of the Notch pathway.
Given the speed at which an Exelixis screen can be completed, it is feasible to study numerous aspects of Notch signaling in this manner. For example, GAL4-directed expression of transgenes inhibiting Notch signals through mutant forms of the Delta ligand, the Notch receptor, the cytoplasmic modulator of Notch activity, dx, and Su(H), a distinct nuclear effector of Notch signals, would undoubtedly broaden the genetic network corresponding to Notch activity but also help to classify the network into categories affecting signaling at distinct cellular levels. Analyses of such scope, using Notch as an example, will afford a unique perspective into the complexity and nature of cellular signaling, setting the stage for comparative studies across tissues and species.
Finally, this study validates the Exelixis collection as a valuable tool. The speed and accuracy of this analysis afford a new experimental paradigm in genetic screening. Such forward-systems analysis, combined with reverse genetic approaches, not only will help us to better understand processes governing development but also will likely uncover links relevant to human disease. Importantly, this analysis not only points to novel functional relationships involving Notch but also provides unprecedented insight into the overall complexity of the genetic circuitry of Notch signaling, providing a novel framework for future studies.
We thank Exelixis for donating the collection and the robotics necessary for its maintenance; Exelixis and the Department of Cell Biology at Harvard Medical School for providing continued support; Moreover, this ability of MamL1 to activate Wnt signaling is suppressed by the presence of Fl-N1 and N1-ICD. MamL1, DnMamL1, Fl-N1, and N1-ICD had no effect on the FOP-FLASH luciferase reporter, which contains multiple copies of the mutant form of TCF-binding sites, indicating that the observed effect is specific. Normalized luciferase activities for untreated and Wnt-3A-treated cells are shown.
